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Abstract.— The use of battery cell equalizers is 
mandatory in order to assure that all the cells 
connected in series are charged to its maximum 
capacity, even when they present small differences in 
this parameter due to several factors, such as aging, 
manufacturing or temperature. Active equalizers, with 
a higher efficiency in comparison to passive ones, have 
the disadvantage of using a considerable number of 
components. Moreover, in the case of active equalizers 
with very high performance, this number can be even 
higher. In this paper, the use of the wave-trap concept, 
widely used in telecommunication systems, is studied. 
This concept allows the battery cell equalizer to use its 
switching frequency as the control variable that decides 
which cell is being charged. Hence, it is not necessary to 
use a complex system based on a high number of 
controlled switches in order to determine which cell is 
being charged. In this way, the number of switches 
(and the corresponding driving signals) can be strongly 
minimized without reducing the performance of the 
system. In order to proof the validity of this concept 
(i.e., wave traps) in the design of battery-cell equalizers, 
a topology based on a half-bridge structure is also 
proposed in this paper. It uses only two controlled 
switches in order to decide which cell is charged. 
Experimental results are provided for a 4-cell equalizer 
as a proof of concept. 
Keywords: battery, cell, equalizer, balancing, 
wave trap, frequency. 
I. INTRODUCTION 
Li-ion batteries are widely used nowadays due to 
their efficient charge and energy density. A battery is 
formed by cells which are connected in series in order to 
increase its output voltage and in parallel in order to 
increase its capacity [1]. Theoretically, these cells should 
be all equal but, actually, they are not, leading to 
differences in its capacity and its internal impedance [2]. 
Their aging is also different, aggravating the problem of 
their capacity mismatch over time. 
In a series connection of several cells (forming a 
cell pack), these differences in their characteristics may 
lead to a reduction in the maximum amount of energy that 
can be stored in the pack. When several Li-ion cells 
connected in series are charged, none of them may be 
overcharged due to the risk of premature aging and 
irreversible deterioration. Therefore, the charging process 
is finished when any of the cells of the pack is fully 
charged, making the other cells not being fully charged 
and reducing the effective overall capacity of the pack [3]. 
Charge equalizers are mandatory in order to assure 
that all the cells in a series pack are fully charged even 
when they present differences in their capacity. In this 
way, the energy stored in the battery is maximized without 
damaging any of the cells. Equalizers can be classified in 
passive and active equalizers [4], [5]. The first ones are 
based in dissipative methods, in which the excess of 
energy is removed from fully-charged cells while the rest 
of the cells are still being charged [6], [7]. The cost of this 
kind of equalizers is the lowest one and the control scheme 
is simple. Nevertheless, the efficiency is considerably low 
due to the amount of dissipated energy. Moreover, the 
number of elements (switches and/or resistors) is not 
necessarily low. 
Active equalizers, on the other hand, present the 
highest efficiency as they are based on transferring energy 
from one element (cell pack or most-charged cell) to 
another element (most discharged cell or cell pack) until 
all the cells reach the fully-charged state. Actually, some 
energy is dissipated in the process, but its amount can be 
neglected in comparison to the amount of energy 
dissipated in passive equalizers. This transference can be 
achieved in several ways. One option is using capacitors 
[7]-[13] or inductors [14]-[19] for storing the energy 
extracted from one element (e.g., the most-charged cell or 
the cell pack) and transferring it to another element (e.g., 
the most-discharged cell). Another option is using 
converters which directly transfer the energy between cells 
and balance them [20]-[35]. In all the cases, the number of 
components is extremely high. Besides, its cost is higher 
than the cost of passive solutions, and in many cases its 
control is more complex. 
Regarding the number of components, the solutions 
based on inductors or capacitors need a number of these 
reactive components similar to the number of cells 
connected in series [13], [17]. The number of controlled 
switches is also of that order. It is possible to reduce the 
number of reactive components to one [10], [22], [36]. In 
that case, the number of controlled switches has to be 
increased because the equalizer has to be able to connect 
the most-charged cell to the reactive component, extract 
energy from that cell, and then connect the same reactive 
component to another cell (the most-discharged one). As a 
consequence, the total number of components (switches 
plus reactive components) is not actually reduced. In the 
equalizers based on converters, the total number of 
components (controlled switches plus diodes plus reactive 
components) is also high [1], [29]. Using just one 
converter leads to the aforementioned problem because an 
additional circuit based on controlled switches need to be 
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implemented in order to be able to change the cells which 
are connected to the output (and in some cases, even to the 
input) of the converter [3], [20]. As a consequence, the 
number of controlled switches is not reduced. 
In this paper, the use of the wave-trap concept [37] 
in battery–cell equalizers is proposed and studied. This 
concept is widely used in telecommunication systems in 
order to build multiband antennas. The wave traps allow 
the antenna to disconnect parts of its elements depending 
on the frequency of the wave. The main purpose of using 
this concept in equalizers is reducing the number of 
controlled switches without losing advantages or reducing 
the performance. Also, in this paper a topology based on a 
half-bridge structure is proposed as a proof of concept. In 
order to decide which cell is going to be charged, this 
equalizer does not use a complex system with a high 
number of controlled switches. The wave-trap concept is 
employed instead [37]. The cell to be charged by the 
equalizer is determined by the switching frequency of the 
converter and, as a consequence, the total number of 
controlled switches is just two (those of the half-bridge 
structure). This also strongly reduces the complexity of the 
control scheme (e.g., there is no need of controlling a high 
number of MOSFETs referred to a floating voltage). 
The switching frequency being the control variable 
that decides which cell is charged by the equalizer may 
imply a limited number of cells for a given switching 
frequency range, especially if tolerances in the components 
are taken into account. As will be explained, the use of the 
wave-trap concept alleviates this problem as it allows the 
system to increase the number of cells for a given 
switching frequency range due to the high selectivity of 
the traps. 
The accuracy of the proposed system is high, so 
each cell can be precisely charged. It should be said that it 
is possible to reduce the number of controlled switches in 
an equalizer as proposed in [21], in which a multi-output 
Flyback is used. The main drawback is that the system 
does not actively control the cell that is charged. It 
depends on the voltage of all the cells and, also, on the 
Table 1. Comparative of several battery cell equalizers. 
 Resistors Magnetics Capacitors1 Diodes MOSFETs Speed2 Efficiency3 
Control 
simplicity and 
performance4 
Dissipative [4], [6] n 0 0 0 n L L H 
Switched capacitors 
[8] 0 0 n-1 0 2·n L M M 
Single Switched 
capacitor [5], [10] 0 0 1 0 2·(n+1)+4 L M L 
Double-Tiered 
Switched capacitors 
[11] 
0 0 2·n-3 0 2·n M M M 
Zero-Current-
Switching switched 
Capacitors [13] 
0 n-1 inductors n-1 0 2·n L H M 
Buck-Boost (single 
inductor) [14] 0 1 inductor 0 2·n 2·n M H L 
Buck-Boost 
(multiple inductors) 
[15], [16] 
0 n-1 inductors n 2·(n-1) 2·(n-1) M M M 
Buck-Boost 
(multiple coupled 
inductors) [16] 
0 2·(n-1) inductors (using n-1 cores) n (optional) 4·(n-1) 4·(n-1) M M M 
Selective Flyback 
[20] 0 
1 transformer 
(1 secondary winding) 1 2·(n-1)+1 2·n M M L 
Multi-output 
Flyback [21] 0 
1 transformer 
(n secondary windings) n n 1 H M L 
Modular 
(m intramodules) 
[25] 
0 m+n transformers 0 n m+2·n M H L 
Multiwinding 
transformer [26] 0 
1 transformer 
(n windings) 
n inductors 
2·n 0 n M H L 
Bidirectional 
Flyback [1], [28] 0 n transformers n 0 2·n H H M 
Modular two stages 
(m modules) [3] 0 m+1 transformers 1 m+1 4·(n-1)+(m+1) H H L 
Class-E 0 1 transformer (n/2 secondary windings) n+1 n 1 H H M 
Proposed (wave trap 
concept) 0 
n inductors 
(1 secondary winding) n n 2 M M M 
L=Low;M=Medium;H=High 
1- Smoothing capacitors are included when necessary. 
2- Speed is evaluated according to the number of cells that can be equalized at the same time, the amount of energy transferred, the number of cells involved in the energy 
transmission, etc. 
3- Efficiency is evaluated according to the number of elements that have to drive the equalizing current, the efficiency of each stage, etc. 
4- Control includes both the precision that can be achieved in the equalization and its simplicity. It is evaluated according to the number of control signals, the easiness of 
generating them, the possibility of choosing the cell that is being charged, the necessity of sensing the voltage of all the cells, etc. 
 
leakage inductance of each output (something not totally 
under control). As a consequence, although several cells 
can be balanced at the same time, a voltage imbalance may 
appear [4]. With the wave-trap concept, the leakage 
inductance of the magnetic components is not a problem as 
the system may actively decide which cell is charged in 
each moment depending on the switching frequency of the 
half-bridge structure. 
The purpose of this paper is analyzing the 
feasibility of the wave-trap concept rather than presenting 
a specific equalizer topology. Nevertheless, it may be 
interesting to include a comparative study of different 
topologies including the one proposed in this paper as a 
proof of concept (it will be explained in section III). This 
comparison is presented in Table 1. 
This paper is organized as follows. A brief 
description of the proposed concept is provided in section 
II. A deep insight of the topology is given in section III. 
The design guideline resulting from the previous sections 
is explained in section IV. Finally, the experimental results 
are shown in section V and the conclusions are gathered in 
section VI. 
II. BRIEF DESCRIPTION OF THE PROPOSED 
CONCEPT 
The wave-trap concept is going to be used in this 
application for selecting the cell that is going to be charged 
by the proposed equalization system. In Fig. 1a, a string of 
n traps is presented. Each trap consists of a capacitor and 
an inductor connected in parallel. Therefore, the 
impedance of each trap is: 
i
i 2
i i
j· ·L
Z ( )
1 ·L ·C
ω
ω =
− ω
, 
(1)  
where Zi(ω) is the impedance of trap i for the pulsation ω, 
and Li and Ci are the inductance and the capacitance of the 
inductor and the capacitor used in the trap. As can be seen, 
each trap has one zero, which introduces a +20 dB/dec, 
and two poles, located at the same frequency, which lead 
to a -20 dB/dec slope after the resonant frequency fi, which 
is: 
i
i i
1f
2· · L ·C
=
pi
. 
(2)  
Each trap is designed so that its resonant frequency 
is different from the resonant frequencies of the other traps 
(Fig. 1b). If this string of traps is supplied with a 
sinusoidal voltage whose frequency is equal to the 
resonant frequency of one of the traps, according to (1) its 
impedance will be considerably higher than the impedance 
of the other traps (Fig. 1b). Consequently, nearly all the 
voltage applied to the string will be withstood by this trap, 
while the others will only withstand a voltage close to zero 
due to their low impedance at that frequency. 
It is possible to take advantage of this concept and 
use it for a battery equalizer by employing a circuit as the 
one proposed in Fig. 2a. As can be seen, a half-bridge 
structure is connected to the string of traps and will be in 
charge of providing the required voltage to it. In the traps, 
the inductors have been replaced with transformers. That is 
mandatory due to the series connection of the battery cells, 
which implies that the output of each trap has to be 
isolated. The resonant frequency of each trap in then 
defined by the capacitor and the magnetizing inductance of 
the transformer (neglecting its leakage inductance due to 
its low value). The use of transformers also makes possible 
to supply the half-bridge structure with the voltage of the 
whole cell pack (i.e., the battery). Hence, the proposed 
equalization system extracts energy from the whole battery 
and supplies it to the most-discharged cell. 
As can be easily seen, the frequency of the voltage 
applied to the string of traps is the switching frequency of 
the half-bridge structure. Therefore, this switching 
frequency is the control variable that defines which trap is 
chosen. In other words, it defines which trap is going to 
withstand nearly all the voltage applied to the whole string. 
This voltage is going to be reflected to the secondary side 
of the transformer and can be then used to charge the cell 
connected to it. It only has to be high enough to directly 
bias the rectifier diode. In fact, depending on the amplitude 
of this voltage, the equalization current of the cell can be 
controlled (this will be deeply explained in the next 
section). The other cells of the battery are not undesirably 
charged by the proposed system because the corresponding 
rectifier diodes are reverse biased due to the low value of 
the voltage withstood by the corresponding traps. 
III. ANALYSIS OF THE TOPOLOGY 
First of all, it should be taken into account that the 
voltage provided by the half-bridge structure (VHB in Fig. 
2a) is not a sinusoidal waveform (as in Fig. 1a), but a 
square one. In order to have almost-sinusoidal waveforms 
across the traps, an additional inductor LH has been 
included (see Fig. 2a). This inductor (and the traps 
behaving as an inductor) will withstand the voltage 
harmonics above the switching frequency and, therefore, 
the chosen trap (i.e., the trap whose resonant frequency 
coincides with the switching frequency) will withstand an 
almost-sinusoidal voltage. Therefore, for the sake of 
simplicity in the analysis of the topology, only the first 
harmonic component of the voltage provided by the half-
bridge structure (VHB_h1 in Fig. 2b) will be considered. 
This is a similar approach to the one used in the analysis of 
resonant converters [38]-[40]. 
Fig. 1. a) String of n traps (in grey, a sinusoidal voltage source); b) 
Impedance of the n traps as a function of the frequency of the 
sinusoidal voltage applied to the string. 
The driving scheme of the MOSFETs of the half-
bridge structure is the asymmetrical one [41]-[48]. The 
reason for choosing this scheme (and not the more-
common symmetrical one) is explained later in this 
section. In this driving scheme, the control signals of the 
MOSFETs are complementary. Hence, if D is the duty 
cycle of MOSFET 1, then the duty cycle of MOSFET 2 is 
(1-D). This also means that one of them is always turned 
on. As the volt·second balance in the inductive 
components has to be maintained, the voltages of the input 
capacitors of the half-bridge structure satisfy [43]: 
Cin _1 in batV (1 D)·V (1 D)·V= − = −
, (3)  
Cin _ 2 in batV D·V D·V= =
, (4)  
where VCin_1 and VCin_2 are the voltages of the input 
capacitors Cin_1 and Cin_2, and Vin is the input voltage of 
the half-bridge structure (equal to the battery voltage Vbat). 
These voltages define the voltage VHB(t) as can be seen in 
Fig. 3a. The Fourier analysis of this waveform leads to the 
following equation: 
( ) ( )
( )( ) ( )
in
HB _ hk sw
sw
V
v (t) · sin 2· ·k·D ·cos 2· ·f ·k·t
·k
1 cos 2· ·k·D ·sin 2· ·f ·k·t
= pi pi +pi
+ − pi pi  , 
(5)  
where vHB_hk(t) is the kth harmonic component of the 
voltage vHB(t) and fsw is the switching frequency of the 
half-bridge structure. Therefore, the first harmonic 
component satisfies: 
( ) ( )
( )( ) ( )
in
HB _ h1 sw
sw
V
v (t) · sin 2· ·D ·cos 2· ·f ·t
1 cos 2· ·D ·sin 2· ·f ·t
= pi pi +pi
+ − pi pi  . 
(6)  
This equation can be rewritten as: 
( )HB _ h1 h1 in sw swv (t) A (D,V )·sin 2· ·f ·t= pi + Φ
, (7)  
where: 
( )inh1 in 2·VA (D, V ) ·sin ·D= pi
pi
, 
(8)  
sw
1 2·D
·
2
− Φ = pi  
 
. 
(9)  
This first harmonic component has been 
represented in Fig. 3a for the depicted square-waveform 
voltage vHB(t). 
It should be noted that the half-bridge structure will 
always operate with a switching frequency fsw equal to the 
resonant frequency fi of one of the traps (the one connected 
to the most-discharged cell): 
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Fig. 2. a) Scheme of the proposed battery equalizer; b) Equivalent 
circuit ; c) Detail of trap i including the leakage and the magnetizing 
inductances of the transformer. 
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Fig. 3. a) Waveform of vHB(t) and its first harmonic component 
vHB_h1(t); b) Amplitude of vHB_h1(t) for different duty cycles. 
( )HB _ h1 h1 in i swv (t) A (D,V )·sin 2· ·f ·t= pi + Φ
. 
(10)  
The impedance corresponding to the non-chosen 
traps is very low. The impedance of LH at any fi is also 
quite low. Due to this, the voltage withstood by the chosen 
trap VTrap_i(t) can be approached by VHB_h1(t): 
( )Trap _ i HB _ h1 h1 in i iv (t) v (t) A (D,V )·sin 2· ·f ·t≈ = pi + Φ
. 
(11)  
Equations (8) and (11) show that the amplitude of 
vTrap_i(t) can be controlled by means of the duty cycle D. 
This is the reason for using the asymmetrical driving 
scheme. In Fig. 3b, the amplitude of vTrap_i(t) as a function 
of D is represented. As can be seen, duty cycles between 0 
and 0.5 provide the same voltage amplitude as the 
corresponding duty cycles in the range between 0.5 and 
1.0. Hence, only one of these two ranges should be used. 
As shown in Fig. 3b, the operating range of D will be 
defined by DV_min and DV_max, being DV_min the duty cycle 
which provides the lowest amplitude and DV_max the one 
which provides the highest one. In this paper, D will be 
located in the 0.5-1.0 range (see Fig. 3b). 
The chosen trap shown in Fig. 2c has been redrawn 
in Fig. 4a. In this figure, the capacitor Ci has been replaced 
with the voltage source vTrap_i(t) due to the high quality 
factor of the filter that each trap represents. It should be 
noted that this high quality factor is needed for the proper 
operation of the proposed system. The behaviour of the 
trap will change depending on whether the diode is reverse 
biased or not. When it is reverse biased, the valid circuit is 
the one presented in Fig. 4b. Nevertheless, if the voltage 
withstood by the trap reaches a value high enough, the 
diode will be directly biased and the trap will behave as 
the circuit presented in Fig. 4c. Analysing these two 
circuits it is possible to calculate the electric charge that 
the trap transfers to the cell in each switching period and, 
therefore, the amount of energy transferred. For this 
analysis, the following assumptions are made: 
• The equivalent capacity of the cell is very high. 
Therefore, it can be considered as a constant 
voltage source in each switching period. 
• The value of the current through LH is much 
lower than the resonant current passing through 
the inductor and the capacitor of the chosen trap. 
This is due to the aforementioned high quality 
factor of the traps. 
• The diode conduction time is considerably shorter 
than the resonant period. This is due to the fact 
that the diode will conduct only when the voltage 
in the secondary side of the transformer is 
positive and high enough. 
• For the sake of clarity, in the next explanation 
vTrap_i(t) will be referred to t’, a different time 
reference shown in Fig. 3a. Hence, equation (11) 
can be rewritten as: 
( )Trap _ i h1 in iv (t ') A (D,V )·sin 2· ·f ·t '= pi
, (12)  
where t’ is: 
i
i
t ' t
2· ·f
Φ
= +
pi
. 
(13)  
When the diode is not directly biased (Fig. 4b), the 
current through the magnetizing inductance is equal to the 
current through the leakage inductance. This current can be 
calculated using the sinusoidal steady-state phasor analysis 
because the diode conduction time is much shorter that the 
resonant period (as already mentioned). Therefore: 
Trap _ i
Lm _ i Lk _ i
i i
h1 in i
i i
v (t ')
i (t ') i (t ') j·2· ·f ·L
1
·A (D, V )·sin 2· ·f ·t '
2· ·f ·L 2
= = =
pi
pi 
= pi − 
pi  
, 
(14)  
where: 
i Lk _ i m _ iL L L= +
. 
(15)  
In the same way, the current through the capacitor 
of the trap is: 
Ci i i Trap _ i _ h1
i i h1 in i
i (t ') j·2· ·f ·C ·v (t ')
2· ·f ·C ·A (D,V )·sin 2· ·f ·t '
2
= pi =
pi 
= pi pi + 
  . 
(16)  
Both currents have been represented in Fig. 5a. 
The diode will be directly biased when the voltage 
in the secondary side of the transformer is equal to the 
voltage of the cell plus the knee voltage of the diode (Fig. 
4a): 
m _ i
Trap _ i ch _ ini tr _ i cell _ i knee
i
L
v (t ' )· ·r V V
L
= +
, 
(17)  
where Vknee is the knee voltage of the rectifier diode, rtr_i is 
the turns ratio of trap i transformer (rtr_i=n2/n1), and t’ch_ini 
(see Fig. 5b) is the instant when the charging process of 
the cell starts. With (8), (12) and (17) it is possible to 
obtain t’ch_ini: 
( )
ch _ ini
i
cell _ i knee i
tr _ i m _ i in
1
t ' ·
2· ·f
V V L
·a sin · ·
r L 2·V ·sin ·D
=
pi
 + pi
  pi 
. 
(18)  
When the diode is directly biased, the valid circuit 
is Fig. 4c. Therefore, the current injected into the chosen 
cell is: 
Fig. 4. a) Equivalent circuit of the trap; b) Equivalent circuit when the diode is reverse biased; c) Equivalent circuit when the diode is 
directly biased. 
( )cell _ i Lk _ i Lm _ i
tr _ i
1i (t ') i (t ') i (t ')
r
= −
, 
(19)  
where: 
( )
ch _ ini
Lm _ i Lm _ i ch _ ini
t '
cell _ i kneet '
m _ i tr _ i
i (t ') i (t ' )
1 1
· · v V ·dt '
L r
= +
+ +∫
, 
(20)  
( )
ch _ ini
Lk _ i Lk _ i ch _ ini
t '
Trap _ i cell _ i kneet '
Lk _ i tr _ i
i (t ') i (t ' )
1 1
· v (t ') · v V ·dt '
L r
= +
 
+ − + 
  
∫
. 
(21)  
Taking into account that iLm_i(t’ch_ini)=iLk_i(t’ch_ini), 
(19) becomes: 
( )
( )
ch _ ini
ch _ ini
cell _ i
t '
Trap _ i cell _ i kneet '
tr _ i Lk _ i tr _ i
t '
cell _ i kneet '
m _ i tr _ i
i (t ')
1 1 1
· · v (t ') · v V ·dt '
r L r
1 1
· · v V ·dt '
L r
=
  
= − + −  
   

− + 

∫
∫
. (22)  
Solving this equation yields: 
( ) ( )( )
( )
cell _ i
h1 in i ch _ ini i
tr _ i Lk _ i i
cell _ i knee ch _ ini
2
Lk _ i m _ itr _ i
i (t ')
A (D, V )· cos 2· ·f ·t ' cos 2· ·f ·t '
r ·L ·2· ·f
V V ·(t ' t ') 1 1
·
L Lr
=
pi − pi
= +
pi
+ −  
+ +  
 
. 
(23)  
The diode will be directly biased until the current 
injected into the cell becomes zero, at t’ch_end: 
cell _ i ch _ endi (t ' ) 0=
. 
(24)  
Finally, the average current injected into the chosen 
battery cell can be calculated very easily: 
ch _ end
ch _ ini
t '
cell _ i i cell _ it '
I f · i (t ')·dt '= ∫
. 
(25)  
where Icell_i denotes the average value of the current 
injected into the battery cell. 
The current injected into the cell should be 
controlled in order not to exceed certain levels which 
would mean damaging that battery cell or the whole pack 
and, also, in order to be able to precisely control the final 
voltage of the cell. As can be seen in (23), the current 
injected into the cell depends on the amplitude of the first 
harmonic component of the voltage withstood by the trap 
(Ah1(D,Vin)) and, therefore, on the duty cycle D. As a 
consequence, the proposed equalizer can control the 
amount of energy injected into the cell during each 
switching period. Therefore, the system has two control 
variables. The first one is the switching frequency, which 
defines the trap that is going to be excited and, 
consequently, which cell is going to be charged. The 
second one is the duty cycle, which precisely defines the 
current injected into the chosen cell. 
The maximum value of the current icell_i(t’), given 
in equation (23), corresponds to the maximum value of 
Ah1(D,Vin), which takes place when D=0.5 as can be seen 
in (8). Therefore, 
( ) ( )( )
( )
cell _ i _ max
in i ch _ ini i
2
tr _ i Lk _ i i
cell _ i knee ch _ ini
2
Lk _ i m _ itr _ i
i (t ')
V · cos 2· ·f ·t ' cos 2· ·f ·t '
r ·L · ·f
V V ·(t ' t ') 1 1
·
L Lr
=
pi − pi
= +
pi
+ −  
+ +  
 
. 
(26)  
Considering this equation and (25), the maximum 
average current injected into the cell can be defined as: 
Defining Lp_i as the parallel connection of LLk_i and 
Lm_i, and λi as: 
equation (26) becomes: 
ch _ end
ch _ ini
t '
cell _ i _ max i cell _ i _ maxt '
I f · i (t ')·dt '= ∫
. 
(27)  
Lk _ i m _ i Lk _ i
i
p _ i m _ i
L L L
L L
+
λ = =
, 
(28)  
Fig. 5. a) Main voltages and currents; b) detail of the currents between t’ch_ini and t’ch_end. 
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(29)  
Also, defining the parameters µ i, φi, φini and φend as: 
cell _ i knee
i
in
V V
V
+
µ =
, 
(30)  
i i2· ·f ·t 'ϕ = pi , (31)  
ini i ch _ ini2· ·f ·t 'ϕ = pi
, (32)  
end i ch _ end2· ·f ·t 'ϕ = pi
, (33)  
equation (29) becomes: 
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This equation can be normalized by dividing 
icell_i_max(t’) by the base current Ibase_i: 
in
base _ i
i Lk _ i
VI
2· ·f ·L
=
pi
, 
(35)  
obtaining: 
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(36)  
From (18), (32) becomes: 
i i
ini
tr _ i
·
a sin ·
r 2
 µ λ piϕ =   
 
, 
(37)  
Similarly, φend can be obtained by making γi equal 
to zero and solving: 
i i
ini end end ini
tr _ i
·
cos cos · ·( )
r 2
µ λ piϕ − ϕ = ϕ − ϕ
. 
(38)  
Once φend is obtained, the conduction angle ∆φc can 
be easily obtained: 
The normalized maximum average current injected 
into the cell is (from (27)): 
It should be taken into account that the magnetizing 
inductance of the transformer is considerably higher than 
its leakage inductance. Therefore, (28) becomes: 
and hence, (18), (36), (37) and (38) become: 
For the sake of simplicity, it can be considered that 
the voltage of all the cells is nearly the same (i.e., 
Vcell_i≈Vcell) because the voltage imbalance is usually small 
in comparison to the voltage of the cells. Also, the input 
voltage of the half-bridge structure is the voltage of the 
cell pack. Therefore, Vin≈Vcell·ncell, ncell being the number 
of cells connected in series. As a consequence, equation 
(30) becomes: 
knee
i
cell
1
n
+ νµ =
, 
(46)  
where νknee is: 
knee
knee
cell
V
V
ν =
. 
(47)  
The evolution of the conduction angle ∆φc as a 
function of the turns ratio rtr_i for different number of cells 
(ncell) and for different values of νknee can be computed 
from (39), (44), the solution of (45), and (46). Fig. 6 shows 
the results obtained for values of ncell around 4, which will 
be used in the section IV.B and section V. 
In the same way, Гi can be also expressed as a 
function of rtr_i, ncell, and νknee. The results are given in Fig. 
7. 
IV. DESIGN GUIDELINE 
In the design of the proposed trap-based equalizer it 
is mandatory to take into account several issues. 
A. Influence of tolerances 
For a given trap, the nominal resonant frequency is 
defined by (2). For this analysis, it has been assumed that 
the resonant frequency of trap i is lower than the resonant 
frequency of trap i+1: 
i i 1f f +<
. 
(48)  
The actual resonant frequency of any trap will be 
inside a range defined by the tolerances of its inductor and 
its capacitor. Its resonant frequency may be as low as: 
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i
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where tolL and tolC are the tolerances of the inductor and 
the capacitor of the trap. Its maximum resonant frequency 
due to tolerances is: 
max_ i
i L i C
i
L C
1f
2· · L ·(1 tol )·C ·(1 tol )
f
(1 tol )·(1 tol )
= =
pi − −
=
− −
. 
(50)  
The proposed equalizer would work properly even 
when the resonant frequencies of the traps were not 
exactly equal to the theoretical ones as long as their 
relative positions were not affected. In other words, any 
trap may change its resonant frequency as long as it does 
not become lower or higher than the resonant frequency of 
an adjacent trap. If this condition is introduced in the 
design process, then the resulting system is robust and is 
not negatively affected by tolerances. The mathematical 
expression of this condition is: 
Fig. 7. Normalized maximum average current as a function of the turns ratio for values of ncell around four. 
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Therefore: 
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(52)  
where τtol is defined by the tolerances of the trap 
components. 
The design should start by choosing the minimum 
value of f1: 
min_1
1 1 L C
1 1f ·
2· · L ·C (1 tol )·(1 tol )
=
pi + +
, 
(53)  
so, 
( )1 1 2 L Cmin_1
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+ +pi
. 
(54)  
Once the product L1·C1 of the first trap is obtained, 
it is possible to follow an iterative process in which (52) is 
used to calculate the L·C product of the next trap based on 
the L·C product of the previous one. 
B. Calculation of the inductance, the capacitance 
and the turns ratio of each trap 
There are infinite solutions for designing each trap 
as only the corresponding Li·Ci value has been obtained in 
section IV.A. Nevertheless, it is possible to optimize the 
design of the proposed equalizer considering additional 
conditions which will lead to specific values of the 
capacitance and the inductance of each trap. 
The specific impedance Zi of each trap can be 
defined as: 
i
i
i
LZ
C
=
. 
(55)  
The resonant current driven by the inductor of the 
chosen trap was defined in (14). Considering this equation, 
(2) and (55): 
h1 in
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Z 2
pi 
= = pi − 
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In the same way, the current driven by the capacitor 
(defined in (16)) is: 
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Considering D=0.5, (56) and (57) becomes: 
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The ratio between the energy in the resonant circuit 
(i.e., chosen trap) and the energy injected into the chosen 
cell during each switching period is denoted by QE_i and 
can be defined as: 
res _ i
E _ i
cell _ i
EQ
E
=
, 
(60)  
where Eres_i is the energy in the resonant circuit and Ecell_i 
the energy injected into the cell. If the amount of energy 
injected into the cell is lower than the amount of resonant 
energy that the chosen trap is handling, then the behavior 
of the string of traps will not depend on whether the diode 
is reverse biased or not. This means that the voltage across 
the capacitor of the trap will be sinusoidal even during the 
short periods of time when the diode is conducting. Hence, 
it is interesting to design the system with values of QE_i 
higher than unity so that the behavior of the trap is not 
affected by the cell (see later in this section). 
The resonant energy in the chosen trap can be 
obtained from its voltage and the value of its capacitor 
(when the voltage in the trap is the peak one, the energy in 
the inductor is zero): 
2
in
res _ i i 2
2·VE C ·=
pi
. 
(61)  
The energy injected into the cell in each switching 
period can be denoted as: 
cell _ i _ max cell _ i
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i
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. 
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Hence, 
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i i in
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Taking into account (2) and (55), then (63) 
becomes: 
2
in
E _ i 3
i cell _ i cell _ i _ max
VQ
·Z ·V ·I
=
pi
. 
(64)  
Fig. 8 shows the waveforms corresponding to the 
voltage across the resonant capacitors and the current 
injected into the cells obtained for different values of QE_i. 
As Fig. 8 shows, the voltage across the capacitor can be 
Fig. 8. Trap voltage and cell current for different values of QE_i. The distortion in the trap voltage depends on this parameter. 
considered sinusoidal when the value of QE_i is higher than 
two. However, very high values of QE_i lead to high 
circulating currents through the resonant capacitor and 
inductor, as can be deduced from (58), (59) and (64). As a 
consequence, a tradeoff must be met when choosing the 
values of QE_i in order to obtain a system in which 
efficiency is not excessively affected while the voltage 
across the resonant capacitor can be considered sinusoidal 
even when the diode is directly biased. Values of QE_i 
around two (or slightly higher) can be considered good 
options. In fact, QE_i can be designed to be lower than two 
(as in Fig. 8a or Fig. 8b). Nevertheless, in such a case, the 
voltage is excessively distorted and the behavior of the 
system cannot be predicted by the proposed equations. 
With (28), (40), (46) and (47), equation (64) can be 
rewritten as: 
( )
i
E _ i 2
i i knee i
11 1Q · ·
·
λ −
=
λ µ − ν Γpi
, 
(65)  
which will be used in the design guideline. 
The calculation of the precise values of Li and Ci 
should be made as follows (see Fig. 9). First of all, the 
value of νknee can be calculated using (47). With νknee and 
the number of cells, ncell, the value of µ i can be then 
obtained from (46). Choosing a reasonable value for the 
conduction angle ∆φc (i.e., around 30º), and with µ i, it is 
possible to obtain the value of the turns ratio of the 
transformers, rtr_i, by means of equations (39), (44) and 
(45). In Fig. 6, equation (39) is graphically represented: the 
conduction angle is depicted as a function of rtr_i for 
different values of ncell and νknee (both define the value of 
µ i). Equation (44), along with rtr_i and µ i, can be used to 
obtain the value of φini and, consequently, the value of φend 
according to the chosen value of ∆φc. Гi can be calculated 
using φini, φend, rtr_i, µ i and equations (40) and (43). This 
has been graphically represented in Fig. 7. As has been 
explained, the value of QE_i should be high enough in order 
to assure the proper operation of the resonant traps (as can 
be seen in Fig. 8, any value of QE_i higher than 2 will lead 
to satisfactory results). Therefore, once Гi is obtained, 
equation (65) can be used to determine the minimum value 
of λi for the chosen value of QE_i. This minimum value of 
λi (see equation (28)), should be lower than the value of λi 
presented by any of the transformers of the traps once they 
are built. Icell_i_max, the maximum average equalizing 
current, is a parameter defined by the designer. Therefore, 
if the value of λi is satisfactory (i.e., low enough), then 
equation (64) can be used to obtained the value of Zi 
according to the chosen value of QE_i. With Zi (equation 
(55)) and fi (its calculation was presented in section IV.A), 
it is possible to obtain the required values of Li and Ci. 
C. Design of the magnetics 
The switching frequency of the proposed system is 
variable but, ideally, each inductor is going to withstand 
appreciable voltage only at a frequency equal to the 
resonant frequency of the trap it belongs to. When the 
switching frequency of the system is different from the 
resonant frequency of a trap, the voltage across that trap is 
almost zero and, consequently, its inductor current is 
almost zero as well. This means that each inductor does 
not have to be designed for the whole frequency range, but 
only for the resonant frequency of its trap [36]. Hence, its 
design can be optimized and tuned for that frequency, 
reducing its losses and optimizing the overall design. 
Regarding the design parameters, the maximum 
current, needed for designing a saturation-free transformer, 
and the ac current, needed for calculating the core losses, 
can be obtained from the equations presented in section III. 
The rms current through primary and secondary side of the 
transformer, needed to calculate the conduction losses, can 
be obtained also from section III. Finally, the required 
inductance and the turns ratio have been obtained in 
section IV.B. 
V. EXPERIMENTAL RESULTS 
A prototype has been built following the design 
guideline and with the purpose of validating the proposed 
topology. It has been designed for a pack of four cells 
connected in series. The switching frequency range is 100 
kHz-215 kHz considering tolerances of 7.5% in both, 
inductors and capacitors (see Table 2). The value of each 
resonant frequency fi has been obtained according to the 
design process described in section IV.A. The value of 
νknee is around 0.2; therefore, µ i is 0.3. As can be seen in 
Fig. 6, for a conduction angle of around 30º, the required 
Table 2. Minimum, nominal and maximum resonant frequency of 
each trap. Nominal values of inductance and capacitance. 
TRAP fnom 
(kHz) 
fmin 
(kHz) 
fmax 
(kHz) L (µH) C (µF) 
1 109 101 117 6.22 0.34 
2 134 124 145 5.09 0.28 
3 164 152 177 4.16 0.23 
4 200 186 215 3.40 0.18 
      Fig. 9. Design flow chart. 
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turns ratio is 0.48. It may advisable to increase this value 
so that even due to tolerances, the RDSON of the MOSFETs, 
the influence of other traps, etc. the required voltage in the 
secondary side of the transformer is reached. From Fig. 7 
(or the corresponding equations), the resulting value of Гi 
is around 2·10-3. As a consequence, the required minimum 
value of λi is 1.009 for QE_i=5 (higher than 2, the minimum 
value shown in Fig. 8). This value of λi is lower than the 
real value that any transformer normally has. Therefore, it 
is a valid design regarding this issue. Icell_i_max is defined 
according to the requirements of the system and its value is 
0.1 A. Consequently, the value of Zi should be close to 4. 
With Zi and fi, it is possible to obtain the values of Li and 
Ci (see Table 2). 
In Fig. 10, the impedance and phase of the string of 
traps implemented in the prototype are presented. As can 
be seen, at each resonant frequency, the overall impedance 
is defined by the impedance of the trap. Therefore, nearly 
all the voltage will be withstood by that trap. Harmonic 
components higher than the first one will be withstood by 
the traps with a resonant frequency higher than the chosen 
one and, mainly, by the additional inductor LH. 
In Fig. 11, the gate signals of the MOSFETs are 
presented. As can be seen, they are complementary and 
can be easily obtained, which make the control scheme 
very simple. The voltages of Cin_1 and Cin_2 change 
according to the duty cycle. This variation is the reason 
why the asymmetrical driving scheme allows the system to 
control the amplitude of the first harmonic component of 
the square voltage provided to the string of traps by the 
half-bridge structure. It should be mentioned that having 
only two driving signal implies that the control of the 
system can be easily implemented. The voltage of each 
cell can be measured using monitoring ICs (such as the 
LTC6802 or the BQ76PL536) and sent to the controller 
via serial communication. With those voltages, it can 
decide which cell should be charged by the equalizer. 
Then, it only has to generate the two driving signals with 
the desired switching frequency. When a new cell has to 
be charged, the system only has to change the switching 
frequency of the two MOSFETs. In the case of reaching 
the equalization, the driving signals of both MOSFETs are 
driven low in order to stop the operation of the converter. 
It should be also mentioned that the system does not need 
to sense and control the switching frequency with a 
feedback loop. The precision obtained with the PWM 
module of any microcontroller (or with any FPGA) is 
enough to assure that the switching frequency is within the 
required tolerances for the proper operation of the system. 
In Fig. 12, Vstring, the voltage withstood by string of 
traps, and Vtrap_3, the voltage withstood by the chosen trap 
Fig. 10. Frequency sweep of the string of traps (including the 
additional inductor LH) 
Fig. 12. Driving signal of MOSFET 1, string voltage and trap 3 voltage for a) D=50%, b) D=75% and c) D=90% 
Fig. 11. Driving signals of both MOSFETs and voltage of the two input capacitors when a) D=50%, b) D=75% and c) D=90%. 
(in this case, trap 3), are shown for three different values 
of D but for the same value of switching frequency (166 
kHz in order to choose trap 3). As can be seen, the 
proposed system can determine the amplitude of the 
voltage withstood by the chosen trap by means of the duty 
cycle. This implies that the charging process (final voltage 
of the cell, equalization current, etc.) can be perfectly 
controlled. Moreover, the negative effects of the leakage 
inductance or the knee voltage can be overcome. 
Equalizers based on filters usually use the frequency not 
only for choosing the cell, but also for controlling the 
charging process by introducing small variations in this 
control variable (like in the LLC resonant converter). In 
the proposed system, the control variable that defines the 
chosen trap (i.e., the frequency) is different from the 
control variable that defines the charging process (i.e., the 
duty cycle). This leads to a higher performance and 
accuracy. 
In Fig. 13, the voltage of the four traps is presented 
for the four possible switching frequencies (i.e., resonant 
frequencies). As can be seen, the switching frequency 
perfectly defines which cell is going to be charged by the 
proposed system. The trap whose resonant frequency is 
equal to the switching frequency of the half-bridge 
structure withstands nearly all the first harmonic 
component while the other traps withstand a voltage close 
to zero. Therefore, the switching frequency represents a 
valid control variable. As can be seen in Fig. 13b and Fig. 
13c, the voltage of the traps which have not be chosen 
presents a relative phase lag of 180º due to the inductive 
behavior of the traps with a resonant frequency higher than 
the switching frequency and the capacitive behavior of the 
traps whose resonant frequency is lower than the selected 
switching frequency. In Fig. 13a and Fig. 13d, the voltages 
of all the non-chosen traps are in phase because they all 
have the same behavior (inductive in the case of Fig. 13a 
and capacitive in the case of Fig. 13d). 
In Fig. 14, the secondary-side voltage of the 
transformer implemented in trap 3 (Vsec_3), the voltage of 
cell 3 (Vcell_3), the equalization current of this cell during a 
switching period (Icell_3) and the voltage applied to trap 3 
(Vtrap_3· rtr, referred to the secondary side) are presented for 
three different duty cycles. As can be seen, the charging 
process is as described in section III. When Vsec_3 is equal 
Fig. 14. Equalization current, cell 3 voltage and trap 3 voltage for three different charging rates. a) D=0.5; b) D=0.75; c) D=0.90. 
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Fig. 13. Voltage of the four traps when the switching frequency is equal to the resonant frequency of 
a) trap 1, b) trap 2, c) trap 3 and d) trap 4. In all the cases D=50%. 
to the voltage of the cell plus the knee voltage of the 
rectifier diode, this diode is directly biased and part of the 
energy stored in the reactive elements of trap 3 is 
transferred to the cell, which leads to the current waveform 
(i.e., resonant current) presented in the figure. This current 
keeps the diode directly biased even when the voltage in 
the trap (reflected to the secondary side) is lower than the 
voltage of the cell plus the knee voltage of the diode. 
When this current naturally reaches zero (t’ch_end), the 
diode is reverse biased. Therefore, the diode is operating at 
zero-current switching. 
The purpose of this paper is analyzing the 
feasibility of the wave-trap concept rather than presenting 
the equalizer based on the asymmetrical half-bridge 
converter, which was used only as a proof of concept. As 
can be seen in Table 1, the wave-trap concept satisfies the 
purpose of developing equalizers with a reduced number 
of controlled switches. It should be mentioned that this 
reduction does not imply losing performance because the 
charging process is totally under control and it does not 
imply either increasing the number of other components 
(i.e., the total number of component is similar to other 
topologies with the same high performance). 
In Fig. 15a, the voltages of cell 3 and cell 4 are 
shown. For obtaining this figure, capacitors of 1000 µF are 
used instead of real battery cells (in Fig. 15c, Fig. 15d and 
Fig. 15e, real lithium-ion battery cells are used). In this 
way, it is possible to verify the results in a shorter time 
and, moreover, the system faces battery cells with a lower 
capacity, which involves that more precision is required in 
order not to exceed the desired voltage. In this case, it can 
be seen that cell 3 has a voltage of 2.0 V, lower than the 
voltage of the other cells (around 4.2 V). The proposed 
equalizer injects energy into cell 3 and raises its voltage to 
a value close to the voltage of the other cells. 
In Fig. 15c, Fig. 15d and Fig. 15e, the proposed 
equalizer is connected to real 2.5-Ah lithium-ion battery 
cells. In Fig. 15b, their discharge characteristic, obtained 
through experimental verification, is provided. 
In Fig. 15c, the operation of the proposed equalizer 
is presented when the voltage of each cell is close to their 
nominal value (around 3.3 V). At the beginning, the lowest 
voltage corresponds to cell 3. The control of the equalizer 
sets the switching frequency of the half-bridge converter in 
164 kHz. After 32 minutes, the voltage of cell 3 has 
reached the value of cell 2 and, therefore, the system 
changes the switching frequency to 200 kHz, in order to 
charge cell 4. After 46 minutes, the voltage of cell 4 
becomes the highest value and the system changes the 
frequency to 164 kHz during 14 minutes in order to charge 
cell 3. After 92 minutes, the voltage of the four cells is 
within the desired range and the half-bridge converter 
stops its operation (i.e., both MOSFETs are turned-off). 
After 150 minutes from the start of the equalization 
process, the voltage of the four cells is stabilized and the 
final imbalance is around 5 mV. It should be taken into 
account that using a simple estimation of the OCV of the 
cells as the criterion for defining which one has to be 
charged is not an optimum approach. More precise 
methods can be found in literature [49]-[51]. These 
Fig. 15. a) Evolution of the voltages of cell 3 and cell 4 when they are represented by 1000-µF capacitors; b) Measured cell voltage during 
discharging; c) Operation of the proposed battery cell equalizer with different starting voltages for each cell around their nominal value; d) 
Operation of the proposed battery cell equalizer when one of the cells has reached the maximum value; e) Detail of the charging process of 
one of the cells. 
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methods take into account the influence of temperature, 
uncertainties in models, mapping nonlinearity, aging, etc. 
and are based on inverse mapping, Coulomb counting or 
extended Kalman filtering. Nevertheless, the 
implementation of an optimum Battery Management 
System (BMS) is out of the scope of this paper and, as a 
consequence, the simplest approach to the BMS 
development was chosen. 
In Fig. 15d a similar test is carried out, but in this 
case one of the cells has reached 3.6 V (i.e. the 
recommended charging voltage) while cell 2, 3 and 4 have 
a lower voltage (unbalanced operation of the battery 
charger). As in the previous case, the cell with the lowest 
voltage is considered under charged. Due to the region in 
which battery cells are operated, the equalization process 
is faster (23 minutes) and the final imbalance, after the 
stabilization time (around 50 minutes), is close to 10 mV. 
Finally, in Fig. 15e, a detail of the charging process of one 
of the cells is presented (the stabilization time is not 
shown). 
VI.  CONCLUSIONS 
The wave-trap concept has proven to be a valid 
option for battery-cell equalizers. The switching frequency 
can be effectively used as the control variable that defines 
the cell that is going to be charged and, as a consequence, 
the number of controlled switches in the topology can be 
reduced. The duty cycle can be used as a different control 
variable in order to regulate the charging process of the 
chosen cell. This control variable also allows the system to 
ignore the influence of certain parameters, such as the 
leakage inductance or the knee voltage of the rectifier 
diode, which cannot be totally defined in the design 
process and may affect the operation of the system. Hence, 
any equalizer based on the wave-trap concept can be 
considered as a high-performance one. The ratio between 
the resonant energy and the energy transferred to the cell 
should be carefully chosen during the design process in 
order not to excessively affect the efficiency of the 
equalizer. 
The equalizer presented as a proof of the proposed 
concept is based on a half-bridge structure, so its number 
of controlled switches is only two. The number of cells 
that can be controlled by an equalizer based on this 
concept is limited by the maximum frequency range. 
Nevertheless, the use of traps, which have a very high 
selectivity, increases the number of cells for that given 
range. For instance, the proposed topology allocates 4 
traps in a frequency range of 100 kHz considering 
tolerances of up to 7.5% in the components. Any equalizer 
based on this concept is also highly modular, so the 
number of cells can be increased without enlarging the 
frequency range. In that case, the number of controlled 
switches is increased according to the number of modules 
connected, but it will be always considerably lower than 
the number of cells. The use of traps, rather than filters 
connected to the output of the converter, allows the 
magnetic components to have an optimized design. Each 
inductor operates only at the resonant frequency of the trap 
it belongs to because for the other frequencies its voltage 
and its current are close to zero. Therefore, their design 
can be optimized only for one frequency and, as a 
consequence, size and losses can be strongly reduced. 
Finally, the analysis based on the first harmonic 
component has proven to be perfectly valid as it simplifies 
the calculation and design guideline of the equalizer while 
keeping accurate-enough results. This has been validated 
by means of experimental results. 
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